Abstract--The safe disposal of 6~ 63Ni, and 59Ni has required considerable information on the interactions of Co 2+ and Ni 2+ with clay minerals in the geosphere. X-ray photoelectron spectroscopy (XPS) has been used to probe the sorption sites for Co 2+ and Ni 2+ on hectorite and montmorillonite. The spectra were measured for Co-hectorite, Ni-hectorite, and Ni-montmorillonite immediately following ion exchange and after washing the clay two and five times with distilled water. The spectra, recorded following etching of the surface with an argon ion beam, differentiate two sorption sites; a labile (to washing) fraction sorbed as ion pairs, and a non-labile fraction sorbed by ion exchange at broken bond and interlamellar sites. The data were consistent with the sorption of metal ions (Co 2 § NP +) in a c o m m o n "MO6" ligand environment.
I N T R O D U C T I O N
The problems relating to the safe disposal of nuclear waste are not confined to materials produced by the processing of spent fuel rods discharged from nuclear reactors. Steel components of nuclear reactors may also become radioactive through neutron activation of various elements, thereby producing a further inventory of radionuclides for which safe storage and eventual disposal must be demonstrated. The radionuclides 6~ 63Ni, and 59Ni are particularly important in this respect because of their abundance in commonly used steels and their relatively long half lives following neutron activation.
An important element of safe storage or disposal of radioactive wastes is the potential capacity of the geosphere to act as a barrier to migration of radionuclides released to the ground waters. This paper explores the use of a surface sensitive technique, X-ray photoelectron spectroscopy (XPS), to probe the nature of Co 2+ and NP + sorbed on two clay minerals, heetorite and montmorillonite. Hectorite is a white clay containing a low proportion of transition metals and is suitable for the study of sorbed species by techniques such as ultraviolet-visible spectroscopy (Davison and McWhinnie, 1990) , which can be cross referenced to the present study. Montmorillonite is typical of those clays Copyright 9 1991, The Clay Minerals Society to be encountered in actual radionuclide-clay interactions.
Two sorption sites have been identified for metal ions on clays--ion-exchange sites (interlamellar) and "broken-bond" sites (Egozy, 1980; Peigneur et al., 1975; Maes and Cremers, 1975; Banin, 1968) . In addition, anions may coordinate to metal ions (AP + or Fe 3+) on crystal edges, thereby leading to the sorption of ion pairs, which are readily released to distilled water (Monsef-Mirzai, 1980) . XPS has only recently been applied to the study ofclay-sorbed species (Koppelman and Dillard, 1975) .
The hectorite was supplied direct from the mine in Hector, California. The montmorillonite, a Woburn Fullers earth of U.K. origin, was supplied by Steetley. The clays were exchanged to the sodium form (Posner and Quirk, 1964) to ensure the presence o f a single exchangeable cation, prior to treatment with Co or Ni solutions.
Preparation of Co-and Ni-exchanged clays
Typically, a 0.1 M solution of COC12 (100 cm 3) at pH 6.2 was stirred for 3 days with Na-hectorite (10 g), following which the clay was filtered and air dried.
Analysis of the filtrate (by ethylenediamine tetraacetic acid disodium salt, EDTA, titration) revealed the clay to contain 53 meq Co2+/100 g. A 6.5-g sample of the clay was resuspended in distilled water (100 cm3), filtered, and air dried. The procedure was then repeated with an additional 100 cm 3 of distilled water to produce a clay designated in this paper as Co2+-hectorite/2-wash. An additional portion of the Co2+-hectorite was treated overall five times with 100-cm 3 aliquots of distilled water to give, after final air drying, Co2+-hectorite/5-wash. No Co was detected in the fifth aliquot of distilled water; thus, the specimens designated Co-hectorite, Co-hectorite/2-wash, and Co-hectorite/5-wash contained different amounts of labile cobalt. Identical procedures were then used to produce Ni-hectorite, Nihectorite/2-wash, and Ni-hectorite/5-wash from, initially Na-hectorite (10 g) and NiC12 (0.1 M, 100 cm 3) at pH 5.8. The Na-montmorillonite (10 g) was then treated with NiCI2 to give, following filtering, air drying, and filtrate analysis (EDTA), Ni-montmorillonite containing 54 meq Ni2+/100 g. Further treatment of separate samples with two and five aliquots (100 cm 3) of distilled water gave Ni-montmorillonite/2-wash and Ni-montmorillonite/5-wash. The procedure was then repeated by treatment of a fresh specimen of Na-montmorillonite (10 g) with NiSO4 (0.1 M, 100 cm 3) to give, after air drying, a clay containing 58 meq Ni2+/100 g. Subsequent distilled water treatments produced analogous 2-wash and 5-wash clays.
Scanning electron microscopy
Materials were examined using a scanning electron microscope (SEM) and an energy-dispersive X-ray analysis system (EDX). A Cambridge 5150 mk 2 instrument operated at 20 kV and 1 A, equipped with a KEVEX X-ray detector, was used. AI sample stubs were coated with a thin layer of colloidal graphite prior to deposition of the clay sample, which in turn was coated with a thin layer of carbon to prevent charging. The Steetley montmorillonite was examined as supplied and following treatment of the Na-exchanged form with NiSO4 and also as NiSO4-montmorillonite/5-wash; similar experiments were carried out with NiClz-treated montmorillonite.
X-ray photoelectron spectroscopy (XPS)
XPS spectra were obtained with a Kratos XSAM 800 ESCA-Auger spectrometer employing either MgKa (1253.6 eV) or AIKa (1486.6 eV) as incident radiation. The sample chamber pressure was 10 -9 torr. The samples were examined as pressed powders. In initial experiments, the raw binding energies (BE) were corrected using the Au 4f7/2 peak (BE = 84.0 eV) (McFeely et al., 1973) obtained from each sample mixed with gold powder. Sample charging problems were encountered, however, and the Si 2pl/2, 3A BE obtained from the clay was used as an internal standard. The absolute Si 2pl/2,3/2 BE was determined from a very thin film of gold deposited from the vapor onto the clay surface, and from the C Is photopeak observed from pump-oil. Replicate determinations of BEs were made, and data are cited as _+30 (a = standard deviation).
The samples were ion etched using an argon-ion gun at 5 kV and 25 mA.
Other techniques
Diffuse reflectance spectra (ultraviolet-visible) were determined with a Unicam SP800 instrument. X-ray powder diffraction (XRD) data were obtained with a Philips X-ray diffractometer using CoKa radiation and a typical scan speed of l~
The d-values were calculated from 20 values using standard CoKa charts (Brown and Brindley, 1980) . Differential thermal analysis data for hectorite and montmorillonite were measured with a Stanton Redcroft DTA 673-4 instrument, utilizing a heating rate of 20~ Mandair et al. (1990) analyzed the sample of hectorite by XRD and DTA; an X-ray fluorescence analysis (XRF) was also performed. XRD data gave d(001) = 12.83/~ and also revealed a calcite impurity, which was removed mechanically prior to exchange to the sodium form; the ion-exchange capacity was determined to be 58 meq/100 g (Davison, 1987 ) DTA traces were typical of those previously reported for hectorite (Davison, 1987; Mackenzie, 1957) .
RESULTS

SEM data and characterization of the clays
XRD analysis of the Steetley montmorillonite (Davison, 1987 ) revealed a trace of a-quartz impurity. SEM analysis of clay particles showed consistent Si/A1 ratios, although some particles were found to contain 95% SiO2. The bulk Si/A1 ratio, determined by XRF (Davison, 1987) was 3.78, but results from SEM-EDX were consistently greater. The iron content, expressed as Fe203, was higher by SEM-EDX than by XRF, which could reflect the presence of iron oxide gel coatings, inasmuch as no XRD evidence of iron phases was obtained. An elemental analysis (XRF) was reported by Michael and McWhinnie (1989) for this montmoriUonite.
X-ray photoelectron spectroscopic data
Calibration of the Si 2p~,3/2 levels for hectorite (103.2 eV + 0.1) and montmorillonite (103.1 eV _0.1) produced very similar binding energies; the values are close to those obtained for chlorite (102.7 eV), illite (102.5 eV), and kaolinite (102.7 eV) by Koppelman and Dillard (1975) .
Co-hectorite samples. Binding energies for the Co-hectorite, Co-hectorite/2-wash, and Co-hectorite/5-wash samples are presented in Table 2 . All samples showed significant Co 2p3/2 photopeaks, but the spectra were Binding Energy (eV) Figure 2 . X-ray photoelectron spectra illustrated in Figure  1 computer-resolved into two components, A and B. The ratio of the main and satellite peak areas are constrained to be constant.
diffuse, as illustrated by the experimental peak widths, all of which > 3.5 eV. A single Co 2p3/2 photopeak was discriminated for Co-hectorite, the average binding energy of which (unetched samples) was 782.6 eV. The appearance of a satellite peak at about 5 eV greater energy than the main peak suggests that the origin of the photopeak must be a high-spin Co 2 § species (McIntyre and Cook, 1975; Kim et al., 1974) . The observed binding energy for Co-hectorite agrees well with that obtained for Co 2 § substituted in an octahedral (COO6) site in lusakite, 782.6 eV (Koppelman and Dillard, 1978) . A photopeak and satellite exists at 782.0 eV if Co 2 § at an initial pH of 6 is sorbed on chlorite (Koppelman and Dillard, 1978) . The decrease in binding energy from lusakite to chlorite was attributed to the negative charge at the chlorite sorption site, a similar effect was observed by Dillard et al. (1980) for illite. No such reduction was observed in the present study for hectorite, suggesting a different charge density, however, the error in the estimation of the peak maximum (_+0.3 eV) is of the same order of magnitude as the reduction observed by Dillard et al. (1980) . No evidence was obtained in the present study, or in that of Koppelman and Dillard (1978) , for the formation of Co(OH)2 on the clay surface, for which a binding energy of 781.0 eV has been observed (McIntyre and Cook, 1975) .
Successive washing of the clay (2-wash and 5-wash) did not alter the environment of the surface-sorbed species, but it did lower the intensity of the photopeak. Ion-etching of the Co-hectorite, to remove layers of surface material successively, revealed no extra photopeaks, but the observed binding energies of the Co 2p3/2 peaks showed a decrease of 0.4 eV for all specimens.
The full width at half maximum (FWHM) of the photopeaks observed in this study was greater than the 3 eV (max) to 2 eV (min) observed by Mclntyre and Cook (1975) for Co 2+ oxides and hydroxides. Computer deconvolution was therefore attempted. Some results are given in Figures 1 and 2 in which FWHMs have been optimized whilst constraining the primary and satellite peaks to have the same intensity ratio in the two sets. Table 3 ). The Ni 3p% photopeak of the unetched specimens gave a binding energy of 857.4 eV and a satellite about 6.5 eV greater. Tolman et al. (1973) in a study of Ni compounds established that Ni 2 § gives a characteristic Ni 2p3/2 photopeak between 854.9 and 857.4 eV. Others (e.g., Matienzo et aL, 1973) have proposed that binding energies in the range 855.0 to 857.5 eV are characteristic ofoctahedral Ni 2 § as opposed to tetrahedral or square planar NP § which give lesser values. Thus, the species sorbed onto the hectorite probably contained Ni 2+ in an octahedral environment; furthermore, the observed binding energies were close to the 857.5 eV value determined by Matienzo et al. (1973) for [Ni(H20)6] 2+ in [Ni(H20)6 ] SO4. The binding energy for Ni 2+ on hectorite was found to be close to that for octahedrally coordinated Ni 2+ on lizardite (857.0 eV), as determined by Koppelman and Dillard (1977) . A value about 0.8 eV lower than was noted in the present investigation was observed for Ni 2+ on chlorite (cf. C& +, above); surface-charge differences were also apparently responsible. The absence of reductions in the binding energies of both C& + and Ni 2+ thus implies a lower surface charge on hectorite than chlorite. Similar to the Co 2+ spectra, the Ni 2+ spectra were broad, with a FWHM of 3.5 eV for NF+-hectorite washed with two, 100-cm 3 aliquots of distilled water.
Ni-hectorite samples (
z Ni2+_hectorite washed with five, 100-cm 3 aliquots of distilled water. Washed with two, 100-cm 3 aliquots of distilled water. z Washed with five, 100-cm 3 aliquots of distilled water.
Ni-hectorite, but about 2.5 eV for Ni-hectorite/2-wash and 5-wash samples. No new photopeaks were observed following argon ion etching.
Ni-montmorillonite. Similar binding energies were obtained for the Steetley montmorillonite treated with NiC12 (856.3 eV) (Table 4) or NiSO, (856.2 eV) ( Table  5) . The values are consistent with octrahedral coordination (Tolman et al., 1973; Matienzo et al., 1973) ; the data are inconsistent with the presence of NiO or Ni(OH)2 as surface species (McIntyre and Cook, 1975) . The binding energies were, however, less than that observed for Ni 2+ on chlorite (856.6 eV) by Koppelman and Dillard (1977) . The photopeaks were broad, with a FWHM >3.4 eV.
Ion etching produced a new photopeak; indeed, for the NiSO4-treated rnontmorillonite, evidence of an intermediate phase was seen. Thus, after 5-min etching, the NiSO4-montmorillonite/2-wash and NiSO4-montmorillonite/5-wash specimens showed a peak at 854 eV, which, after 10 min etching, was replaced by a peak at 853 eV, the same value observed after etching the NiCI2 specimens. No satellite peak was noted in the vicinity of this new photopeak; hence, it probably did not arise from a paramagnetic Ni 2+ species.
Attempts were made to detect photopeaks from CI (NiC12-montmorillonite) and S (NiSO4-montmorillonite), but none were observed.
DISCUSSION
This investigation explored the use of XPS to differentiate the various sorption sites for C& § and Ni 2+ Washed with two, 100-cm 3 aliquots of distilled water. 2 Washed with five, 100-cm 3 aliquots of distilled water.
on the surface of hectorite and montmorillonite and sought to obtain information on the nature of the sorbed species and on the relative affinities of the two ions on the surfaces of the clays considered.
Nature o f the sorbed species Dillard and Koppelman (1982) pointed out that the distribution of Co 2+ species as a function of pH, presented by Baes and Messmer (1976) , showed the dominant (99%) species in the range pH 5-7 to be [Co(H20)6] 2+. Undoubtedly, the species presented to the clay surfaces under the conditions of the ion exchange w e r e [M(H20)6] 2+, thus, it is not surprising that diffuse reflectance spectral data for the Co 2+-or Ni 2+-exchanged clays, both before and after washing, showed maxima at 395,660 (Ni2+), and 459 and 512 nm (Co2+), consistent with the presence of [M(H20)6] 2~ (Nicholls, 1983) .
It is less certain that the observed binding energies (Tables 2-5) arose from [M(H20)6] 2+ species, inasmuch as, under the high vacuum conditions of the XPS experiment, 10 9 ton', dehydration may have occurred. Although Adams et al. (1975) noted the thermal stability (370 K) of a pyridine-Na-montmorillonite intercalate under a vacuum of 10-6N/nm 2 (i.e., Newtons/ per square nanometer). Seyama and Soma (1984) noted a reduction in O l s photopeak intensity of hydrated metal ions on the clay surface, which they attributed to dehydration. Indeed, sorption isotherm data also warn of the ease of dehydration of smectite clays (Hall and Astill, 1989) . The observed binding energy data for Ni 2+ on hectorite agree well with those of Matienzo et al. (1973) for [Ni(H20)6]SO ,. Probably, the species giving the observed binding energies in the two studies arose from the same precursor.
Sorption sites and ion-etching experiments
The observed Co 3p3/2 binding energies were constant, within the experimental errors, for Co/+-hectorite, CoZ*-hectorite/2-wash, and C&+-hectorite/5-wash, as well as for the Ni2+-treated clays. A discernable decrease in photopeak intensity relative to the internal standard Si 2pl/2,3/2 peak was noted and for the M 2+; clay/2-wash and the M2+-clay/5-wash (M z+ = Co/+ or Ni2+; clay = hectorite or montmorillonite). Some contribution to the total photoelectron flux may have arisen from labile-surface sorbed ion pairs for Co2+-hectorite, Ni2+-hectorite, NiCl2-montmorillonite, and NiSO4-montmorillonite (Monsef-Mirzai, 1980) .
Given that the present study used a collection angle of 45 ~ to the sample surface, a simple treatment by Defosse and Rouxhet (1980) and a more sophisticated analysis by Evans et al. (1977) are in agreement that the observed photoelectron flux contains electrons originating from a depth of at least 14 ~. The observed flux from the clays washed five times with distilled water, therefore, probably arose from metal ions at both interlamellar and broken-bond sites. Attempts to computer fit the spectra to two peaks (Figures 1 and  2) were abandoned, if the fits were not unique and if no additional chemical justification for the deconvolution was available.
A greater relative reduction in photopeak intensity between Ni2+-hectorite and Ni2+-hectorite/5-wash than between the corresponding Co z+ samples suggests that C& + had a greater affinity for the surface of hectorite than did Ni 2+. The montmorillonite data suggest that NiSO4 was more strongly sorbed than NiC12.
Successive surface layers were removed by argonion etching to increase the flux from interlamellar sites, however, all photopeaks for Co 2+ and Ni 2+ on hectorite showed a constant decrease of 0.4 eV in binding energy. The chemical violation of the surface using the etching technique (Kim et aL, 1974) is such that no claim of a new species can be made.
The NiSO4-montmoriUonite, however, gave evidence of the formation of a new species following argon-ion etching. The observed binding energy, 853 eV, is in good agreement with that reported for Ni-metal, 852.9 eV (Kim et al., 1974) . The aggressive chemical environment created in the etching experiment probably reduced Ni 2+ to Ni-metal, possibly via a Ni + intermediate which may have been responsible for the intermediate peak at 854 eV. Adams et al. (1977) observed the reduction of Cu 2+ to Cu § in their XPS study of tetrahydrofuran intercalation of Cua § -lonite.
